® to manipulate, assemble and connect micro-or nanoparticles of various materials, sizes, shapes and functions to obtain monolayer colloidal crystals (MCCs). This process uses the upper surface of a liquid film flowing down a ramp to assemble particles in a manner that is close to the horizontal situation of a Langmuir-Blodgett film construction. In presence of particles at the liquid interface, the film down-flow configuration exhibits an unusual hydraulic jump which results from the fluid flow accommodation to the particle monolayer. In order to master our process, the fluid flow has been modeled and experimentally characterized by optical means, such as with the moiré technique that consists in observing the reflection of a succession of periodic black-and-red fringes on the liquid surface mirror. The fringe images are deformed when reflected by the curved liquid surface associated with the hydraulic jump, the fringe deformation being proportional to the local slope of the surface. This original experimental setup allowed us to get the surface profile in the jump region and to measure it along with the main process parameters (liquid flow rate, slope angle, temperature sensitive fluid properties such as dynamic viscosity or surface tension, particle sizes). This work presents the experimental setup and its simple model, the different experimental characterization techniques used and will focus on the way the hydraulic jump relies on the process parameters.
Introduction
Monolayer colloidal crystals (MCCs) are a monolayer of close-packed monodisperse colloidal micro-or nanospheres having hexagonal symmetry in the plane [1] (Fig. 1 ). Materials and surfaces templated by MCCs impact numerous domain such as photovoltaics for light trapping [2] , optical sensors to detect physical variations through structural color changes [3] [4] [5] (Fig. 2) , mechanics to change surface friction coefficient and wettability [6] .
Today, many different techniques such as LangmuirBlodgett [7] , spin coating [8] , capillary force assembly [9, 10] and electrostatics-assisted layer-by-layer assembly [11] exist to fabricate MCCs via self-assembly of monodisperse microspheres. However, the limitations of these techniques are mainly the lack of control during the assembly process, the lack of scalability needed for mass production, noncompatibility with 3D or non-planar surfaces.
In this context, an original process called Boostream ® [12] inspired by previous works [13] has been developed at CEA to assemble micro-or nanoparticles of various materials, sizes, shapes and functions allowing the fabrication of ordered structures as MCCs. This process is similar to the Langmuir-Blodgett technique but uses a liquid film flowing down a ramp to assemble particles at the liquid interface to form a compact film. The film floating on the liquid flowing down gives rise to specific hydraulic behaviors as an unusual hydraulic jump resulting from the fluid flow accommodation. In this paper, we describe the experimental setup and optical experimental techniques used to characterize flow dynamic. We present a theoretical approach to study the relationship between hydraulic jump and process parameters. We investigate the role played by capillary forces and viscous shear stresses at the liquid interface on particle assembly.
Experimental section

Experimental setup
The basic principle of Boostream ® process is shown in Figure 3 . A colloidal suspension is spread on a moving liquid flowing down a ramp. The angle a of the ramp is kept constant at 11°. The liquid is deionized (DI) water at room temperature with a flow rate varying from 100 to 900 mL/ min. Colloids dispensed at the surface of the liquid are trapped at the air-liquid interface and driven by hydrodynamic forces to the area called "transfer zone". The particles gradually accumulated at the liquid interface lead to their self-assembly and the formation in the transfer zone and at the beginning of the ramp of a compact monolayer film.
Even if the particles are microscopic, the film forming due to the packing up of particles is generally visible to the naked eye because of diffraction, diffusion or interference phenomena (Fig. 4) . The compact film floating at the liquid surface could be transferred on a substrate previously immersed in the transfer zone by applying a slow withdrawing movement (few cm/min).
Materials and suspension preparation
The colloid suspension is composed of monodisperse silica microspheres synthetized at CEA and dispersed in pure butanol with a concentration of 35 mg/mL. Several suspensions were prepared with different particle sizes: 0.28, 1, 2.5 and 10 mm.
Characterization
Fluidic behaviors were characterized by using two optical means: a fringe projection (moiré) technique [14] to determine surface topography and a contactless chromatic confocal sensor supplied by STIL (sensor serial number 12-10-1042) to measure the liquid thickness on the ramp. The moiré pattern is composed of a straight-line grating with red and dark fringes, equi-spaced with a period of 7 mm. The moiré pattern is projected normally to the transfer zone surface and covers the entire surface of the moving liquid. A camera aligned with the normal direction of the transfer zone captures the surface reflecting the projected fringe pattern. Figure 5 presents a view of the moiré pattern reflected by the liquid surface mirror showing specific deformations due to hydraulic jumps and slope of the liquid surface. The fringe images are deformed when reflected by the curved liquid surface associated with the hydraulic jump, the fringe deformation being proportional to the local slope of the surface. This original experimental setup allowed us to get the surface profile in the jump region and to measure it along with the main process parameters (liquid flow rate, slope angle, temperature sensitive fluid properties such as dynamic viscosity or surface tension, particle sizes).
Results and discussion
Simple models
The liquid film is a low Reynolds number flow (Re ≈ 100) but not a creeping flow. The velocity profile V(z) in the thickness of the film is therefore a classical parabolic one that comes out integrating the 1D stationary simplification of the Navier-Stokes equation (a x-momentum balance equation):
For the free surface liquid film, i.e., with no particle atop of it (Fig. 6 ), neglecting friction with air, integration is done with zero velocity at the contact of the ramp (z = 0) and zero viscous stress at the top of the liquid (z = h):
The model is closed by integrating this velocity field in the thickness and equaling the volumetric liquid flow rate Q (with a ramp width L in the y-direction):
Therefore, the classical film thickness for a free surface is recovered:
For the liquid film under the continuous particle monolayer, we assume that the upper boundary condition is: zero tangential velocity (i.e., in the x and y axis) and free normal velocity (i.e., in the z axis).
This boundary condition is unusual, with no name associated to it. It is none of the classical Neumann, Dirichlet or Robin boundary condition. However, the experimental results thereafter will enforce this hypothesis. The tangential velocities are frozen whereas the normal velocity is free.
Under this hypothesis, the velocity profile goes to zero at z = 0 and z = h0, the momentum balance equation (1) in the x-direction providing the rest of the factors:
As previously, the imposed volumetric liquid flux Q leads to:
The main consequence of this result is constant factor between h and h O
The viscous stress t 0 w acting on the particle monolayer is deduced from the velocity profile:
The different factors of this equation are potential lever to control and enhance the compaction of the monolayer. However, this viscous stress is several orders of magnitude lower than the capillary forces that should affect particles at the micrometer scale!
The length of the hydraulic jump is more difficult to establish properly. The height of this jump is h0À h, as calculated from equations (4) and (6) . The length of the jump region involves the surface tension and will deserve a second paper to present the model. We give here only preliminary ideas of such a model (Figs. 6 and 7) .
Using dimensional analysis of the jump region (somewhat analog to [15] or [16] ), we can develop an approximate relation to predict the length l HJ of the hydraulic jump:
A rough estimate of this length for water, a = 11°and 500 mL·min À 1 gives 3.0 mm. However, the observed length (Figs. 7, 8 and 9 ) is longer than this value and is close to 20 mm. This relation supposes that surface tension on the curvature of the profile has the same order of magnitude as the other terms. The detailed evaluation of the jump profile implies to revisit the local balance of the various forces (see, e.g., [17] ). Along with x, the profile results from the equilibrium of three contributions at the interface: -the viscous shear stress at the interface, t surf ¼ m ∂V ∂z j z¼surf , -the hydreostatic contribution, rgh sin(a), -the surface tension contribution, sk.
Measurements
The moiré projection technique first uses a contour extraction on the moiré projection images. The rough images are first processed to sharpen the contrast between red and black. Then images are turned to pure black and white. Contours are extracted, filtered and then captured as 1D curves. The result is then interpreted into absolute profiles by using simple optical reflection reconstruction. The large value of the distance from the fringes to the curved reflecting surface, and from this surface to the image acquisition, allows a magnification of the profile extension (100-200 mm are converted to several cm). The moiré technique allows more details than the sole height of the hydraulic jump. Figures 8 and 9 collect profile examples for different flow rates. As both h and h0 vary with flow rates, the curves use a common origin at the free surface profiles. It is noteworthy to look at the internal structure of the jump: one or two extrema are present in the profiles. It is possible to deduce from preliminary modeling of this zone (not fully reported here) that these extrema are linked to the surface tension acting on the interface.
The contactless chromatic confocal sensor provides absolute thickness measurement, contrary to the moiré technique. Measurements were performed on free surface film for various flow rates ranging from 100 to 900 mL·min À 1 . The measured film thicknesses with a monolayer of silica particles (diameters of 280 and 1000 nm), with a free surface flow and in the presence of a thin and continuous solid film of Parafilm ® floating on the water, are reported in Figure 10 . They clearly demonstrate that the hypothesis of frozen tangential velocities is valid. Model of equation (6) is well within the measurement for the flow rate range and the particle sizes we have explored.
Bragg diffraction of white light on the hexagonal closepacked (HCP) lattices was performed with collimated white light. Figure 11 shows a partial view of the setup and a typical result of mode À 1 of Bragg diffraction on the HCP lattice of particles. Figure 12 gives the usual explanation of the location of modes in such diffraction. Figure 13 provides a typical result of mode À 1 on 1 mm particles.
By trying to measure the evolution of the isocontours on a series of images (from 100 to 900 mL·min À 1 ), we finally succeed to show that these isocontours do not depend on the flow rate in the range of parameters we have investigated. The conclusion is simple: capillary forces that act on 1 mm particles exceed by far the viscous shear stresses at the interface! (4) and (6). 
Conclusion
Colloidal self-assembly is a key bottom-up technique for surface structuring in a wide range of applications to control chemico-physical interactions at the micro/nanoscale. We presented an original process based on a liquid flowing down a ramp to assemble particles floating at the liquid interface. In presence of particles, the fluid flow accommodates and generates a hydraulic jump which can be characterized by optical means. We investigated several characteristics of these hydraulic jump using moiré technique and contactless sensor and compared the results with simple models. Concerning the profile, we observed specific curvatures depending on the liquid flow rate and particle diameters. However, rigorous modeling of these curvatures necessitates further theoretical and fine CFD investigations. Calculation of the height was in a good agreement with experimental results assuming that tangential velocities are frozen at the liquid under the continuous particle monolayer. Finally, Bragg diffraction analysis of floating HCP lattice constituted of 1 mm particles has shown that capillary forces predominate over viscous shear stresses at the interface. 
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